INTRODUCTION
Over the last 30 years, protocols for the transformation of Escherichia coli have become important tools in recombinant DNA technology. When successful, the uptake of exogenous DNA by the cell results in the acquisition of a new genetic trait that is heritable and stable. The process for chemical transformation has many steps, but for the purposes of discussion may be divided into two principal stages: (i) development of a state of "competence" in which exogenous DNA may bind to the cell and (ii) DNA uptake and expression. Many variations of this process have been described, with most laboratory protocols yielding 10 4 -10 7 transformants per microgram of plasmid DNA, although levels up to 10 9 -10 10 transformants have been achieved (1) (2) (3) .
The first stage, development of competence, is particularly time-consuming and laborious, and the state of competence, once attained, is very labile. Accordingly, the transformation process could be greatly simplified if the preparation of competent cells can be replaced by a chemical system that facilitates the direct transfer of DNA into the membranes of log-phase E. coli cells. Previous studies have intimated that poly-(R)-3-hydroxybutyrate (PHB), a member of a class of polymers capable of enveloping and solvating salts (4-7) and a natural component of the membranes of E. coli competent cells (8) , may serve as a vehicle for DNA transmembrane transfer. Reusch et al. (8) (9) (10) showed a direct relationship in E. coli between the induction of competence and the formation of new structures in the plasma membranes composed of PHB and calcium polyphosphate; the polyphosphate salt presumably traverses the bilayer through a pore formed by the encircling amphiphilic PHB [reported in Hanahan et al. (11) ]. The concurrence of DNA uptake with the disappearance of these structures led to the hypothesis that the organic polyphosphate, DNA, enters the cell by following inorganic polyphosphate through the PHB membrane pore.
Here we circumvent the process of inducing competence by using DMSO solutions of PHB to facilitate the direct transfer of plasmid DNA into the cell membranes of log-phase cells, and then to identify the conditions that promote the uptake and expression of the DNA. To alleviate the time-consuming optimization of the protocol, we have employed a factorial design approach to eliminate less significant variables in order to focus on the more important elements of the protocol.
MATERIALS AND METHODS

Reagents
PHBs used in this study had average molecular weights of 1.5, 4.6, 6.5, 9.5, 11.0, and 13.8 kDa (Metabolix, Cambridge, MA, USA). They were obtained by degrading and fractionating PHB granules (>60,000 residues) from Alcaligenes spp. The samples thus represent only average molecular weights; polymers lengths in each sample vary ±0.15%. Aliquots of the 11.0 kDa PHB are available from Michigan State University. For the cost of preparation and shipping, full information is available at http://www.BioTechniques.com/ September2004/AddisonSupplementary.html. PHBs were stored in glass vials in dessicators at -20°C. Anhydrous DMSO was molecular biologygrade (Sigma-Aldrich, St. Louis, MO, USA). All salts were ultrapure or reagent-grade (Sigma-Aldrich). Luria Broth (LB) is 1% (w/w) Bacto ® -tryptone (BD Biosciences, San Jose, CA, USA), 0.5% Bacto-yeast extract (BD Biosciences), 170 mM NaCl, pH 7.2. LB plates contained 1.5% (w/w) Bacto-agar: LB ampicillin plates also contained 100 μg/mL ampicillin (SigmaAldrich). Plasmid DNA was pUC18 or pBR322 (Sigma-Aldrich).
DMSO Solutions of PHBs
Stock solutions of PHBs in anhydrous DMSO were prepared at designated concentrations. Solutions were divided into appropriately sized aliquots and stored in a dessicator in sealed glass vials for 2 to 3 weeks at -20°C. The solutions were thawed in a dessicator at 4ºC and used within 2 days. Just before use, the solutions in tightly closed vials were warmed in a 37°C bath for up to 5 min to ensure that the PHB was in solution.
Salts/glucose solution. Cells. The organism used in these studies was E. coli JM109. Colonies from an overnight plate were used directly or used to inoculate LB broth, pH 7.2, and cultured at 37°C with shaking at 250 rpm to designate optical density.
Factorial design. The statistics software used to set up and analyze the factorial designs was Study-It as provided by Moen et al. (12) . Variables were combined into groups of two to five to identify components essential to the transformation process as well as to distinguish between variables with strong or weak effects on transformation efficiency.
RESULTS AND DISCUSSION
Variables for Transformation of Log-Phase Cells in Liquid Medium
A factorial design approach was used to classify variables as essential, significant, or unessential. Essential factors were determined to be DMSO, Mg 2+ , cold shock prior to outgrowth, and, of course, plasmid DNA. Factors identified as significant were DMSO concentration, PHB molecular weight and concentration, DNA concentration, cell density, pH of growth medium, concentrations of glucose, KCl and PO 4 2-, heat shock, and the order and temperature at which the components were added together. Surprisingly, Ca 2+ had no significant effect. Significant factors for which near-optimum levels were readily identified during factorial design experiments were set at practical values. DNA was maintained throughout at 10 ng. Results for plasmids pUC18 or pBR322 were the same within the error of the measurements. Remaining significant variables, namely, DMSO concentration, PHB molecular weight and concentration, cell density, and cold and heat shock, were examined in more detail.
To facilitate the transformation procedures, the constituents were divided into three groups: solution D (DMSO solution of PHB), solution S [solution containing salts and glucose (Table 1) ], and culture C (E. coli cell culture or single colony). The optimized protocol, determined from the studies below, is detailed in Table 1 .
Transfer of DNA into Cell Membranes
The first stage of the procedure is the PHB-facilitated transfer of DNA into membranes of log-phase cells. While trying to integrate PHBs and DNAs into the cell membranes, the first barrier we had to overcome was the insolubility of PHBs in water. Chloroform and methylene chloride are the most effective solvents for PHBs, but they do not dissolve DNAs and are extremely toxic to cells. DMSO was selected for its ability to dissolve both DNAs and moderate amounts of low molecular weight PHBs (<20,000 kDa), its miscibility with water, and lesser toxicity to cells. DMSO also has the advantage that it has the capacity to carry solutes through cell membranes.
PHB solubility and DMSO toxicity both increase directly with DMSO concentration, thus, it was necessary to find the best compromise between PHB solubility and cell viability. As shown in Figure 1A , viability of logphase E. coli JM109 cells in aerobic growth dropped sharply at DMSO concentrations greater than 10%. A concentration of 20%, which provides approximately 40% viability and yet is sufficient to maintain moderate amounts of PHBs in solution, was selected for preliminary studies. The optimal value of DMSO concentration for transformation efficiency was then further explored. As shown in Figure 1B , reducing the DMSO concentration from 20% to 18% produces an approximate 80% increase in transformation efficiency. Further decreases result in decreased trans- 6. Plate 100 μL on prewarmed (37°C) LB ampicillin (100 μg/mL) agar plate.
7. Incubate for 24 h at 37°C. 
PHB Molecular Weight and Concentration
Because PHB is the putative carrier for DNA, we determined the optimal molecular size and concentration of this component. PHB has the capacity to form nonselective channels across bilayers; however, its molecular size is critical for channel formation. There are two principal ways in which PHB can assist the transfer of DNA across bilayers: PHB molecules can form β-sheet-like folds that straddle the bilayer (13, 14) and aggregate to form channels or the amphiphilic PHB molecules may form helical pores, with hydrophobic exteriors and hydrophilic interiors, through which DNA can be transported across the bilayer (15) (16) (17) .
In the first mechanism, the length of the β-sheet must match the width of the bilayer. For E. coli bilayers, lengths of 16, or low multiples of 16, are optimal. The 1.5-and 4.6-kDa samples, with averages of 17 and 53 residues, respectively, fit into this category. The 6.5-, 9.5-, 11-, and 13.8-kDa samples, with average residue lengths of 76, 110, 128, and 160, respectively, are too long for the straddling mechanism. They likely function by the second mechanism, but again the length of the helix must be compatible with the bilayer width.
As shown in Figure 2A , DMSO itself provided some transformants, measured as colony-forming units (CFUs). However, the presence of PHBs increased transformation efficiency, with larger molecular weight species proving most effective. The 11-kDa sample, closest to the size found in the plasma membranes of competent E. coli (12.2 kDa), gave optimal results. The 6.5-kDa sample often outperformed the 9.5-kDa sample; the former may be able to employ two molecules to make up the correct length, while the latter may contain few molecules of sufficient length to act alone and few that may combine to form the correct length. The less than optimal results with the 13.8-kDa sample may be attributed to a combination of excess length and poorer solubility. The critical nature of polymer size underscores the importance of avoiding repeated freeze-thawing or extended storage or heating of the hygroscopic anhydrous DMSO/PHB solutions, all of which tend to degrade the polymer.
PHB concentration is also a significant factor. Increasing the concentration of 11 kDa PHB up to 200 μg/mL increased transformation efficiency. However, further increases resulted in a sharp decrease ( Figure 2B ), possibly due to the difficulty of maintaining 11 kDa PHB in solution at these higher concentrations.
Cell Density
Increasing cell density had a negative effect on efficiency, but the effect was not as severe as it is for the induction of competence (1-3) . The transformation efficiencies were clearly much lower at higher cell density ( Figure 3A) , particularly if one takes into account the difference in cell numbers at the different optical densities. However, in practical terms, one can obtain approximately one-third as many transformants from 100 μL cell culture at absorbance (A) 600 of 1.3 as at A 600 of 0.4, which may be sufficient for many applications.
Order and Temperature of Addition
The order in which the components of Table 1 . The values are an average of five determinations, each performed in duplicate or triplicate, with the range specified by the error bars. (B) Concentration of 11 kDa PHB. Constituents, conditions, and values were as in Figure 2A . MW, molecular weight; CFU, colony-forming unit. Table 1 . The values are an average of five determinations, each performed in duplicate or triplicate, with the range specified by the error bars. CFU, colony-forming unit.
the transformation cocktail are combined is important to avoid exposing the cells, even briefly, to elevated concentrations of DMSO. Thus, in most cases, the DMSO and salt solutions were first combined, and the cell culture was then added to this mixture. In some applications, it may be more convenient to first intermix the salt solutions and cell culture and then add DMSO, although this gave somewhat poorer results. Transformation efficiencies were optimal when the cell culture at 37°C was added to a mixture of DMSO and salt solution in a 42°C bath and left in the bath for an additional 5 s before being placed on ice for the period of the cold shock. However, the number of transformants was only approximately 20% less when all components were at 37°C; thus, this simpler protocol may be employed when practical.
Uptake and Expression of DNA
Once the plasmid has been provided a passageway through the membrane, the cell must be induced to take up and express the DNA. Our results show that the only essential components for this stage are Mg 2+ and a cold shock. Good aeration and glucose were also important, while KCl and phosphate had slight but appreciable effects.
Mg 2+ is an important factor in all transformation protocols but may serve a different function in this method. The fact that Mg 2+ is essential, whereas Ca 2+ has no detectable affect, suggests that Mg 2+ does not primarily function as a divalent cation but likely as a cofactor in enzymatic reactions involved in DNA uptake and/or expression. Glucose and aeration may also be expected to enhance these processes as it does in competent cells (1-3) .
Cold and heat shocks are staples of chemical transformation procedures. The cold shock is thought to crystallize the membrane (11); however, this is an unlikely occurrence in the presence of DMSO, thus, a more important effect of this method may be the induction of cold shock proteins. As shown in Figure 3B , no transformants were obtained in the absence of a cold shock, even when a heat shock was later applied. Transformation efficiencies increased with cold shock times up to 20 min and then leveled off. Heat shock, while not essential, produced an approximate doubling of transformation efficiency.
Single Colony Transformation
The procedure was adapted for use with single colonies. Because the colonies contain cells in every stage of growth, the optimal age and size of the colonies used for transformation were first examined. Colonies younger than 20 h did not provide enough cells for useful transformation levels, while cells over 24 hours old proved to be too far into the stationary phase to yield high efficiencies (data not shown). Accordingly, colonies between 21 and 24 hours Table 1 . The values are an average of three determinations, each performed in duplicate, with the range specified by the error bars. (B) Cold shock (C) and heat shock (H). Cells were at an absorbance (A) 600 of 0.4-0.7. Other constituents and conditions were as specified in Table 1 . The values are an average of five determinations, each performed in duplicate or triplicate, with the range given by the error bars. CFU, colony-forming units; C, cold shock; H, heat shock. old, or approximately 3 mm in diameter, were judged to be ideal for the transformation protocol.
The colonies were picked and added to 150 μL LB broth, pH 7.2, and incubated at 37°C for 20-30 min on a shaker at 250 rpm in order to evenly suspend the cells. The protocol was then the same as for the liquid culture (Table 1) . Few transformants were obtained with DMSO alone, but there was an approximate 35-fold increase in transformations when the DMSO solution contained 200 μg/mL 11 kDa PHB (Figure 4) .
Conclusions
In summary, we have developed a simple and effective protocol for transforming log-phase E. coli with plasmid DNA with sufficient efficiency to merit its use in an academic or industrial setting. The method circumvents the need to prepare or purchase competent cells, thus reducing time and labor or cost. The optimized protocol yields more than 1000 transformants from 100 μL liquid culture or approximately 300 transformants from a single colony, using 10 ng plasmid DNA and 5.4 μg of 11 kDa PHB. The strain used in these studies, JM109, has mucoid colony morphology, and such strains are generally less competent than strains with standard cellwall morphology (e.g., RR1, JM101, JM103, DH5, etc.), thus the procedure should be applicable to most E. coli.
When compared to other current transformation methods, this system offers both disadvantages and advantages. Many chemical methods as well as electroporation techniques produce higher transformation efficiencies, 10 6 to >10 9 transformants/μg DNA (1-3) , as compared to efficiencies in the range of 3 × 10 4 to >10 5 transformants/μg DNA for our protocol. However, our method was not designed to compete with high-efficiency protocols, but rather to be used in those routine experiments in which high efficiency is not as important as time and convenience. In these situations, the ability to carry out transformations of wildtype or mutant laboratory strains using small volumes of log-phase liquid cell cultures or a single colony from an overnight plate with less concern about cell density may be appealing. Furthermore, the small volume of the transformation reaction mixture (150 μL) may allow the process to be adapted for use in multiwell plates or automated technologies. Table 1 . The values are an average of five determinations, each performed in duplicate, with the range specified by the error bars. PHB, poly-(R)-3-hydroxybutyrate; CFU, colony-forming unit.
